Introduction
Ambient air pollution is the most widespread environmental carcinogen and has been identified as a leading risk factor for global disease burden worldwide, including in China (Forouzanfar et al., 2015) . Ambient particulate matter (PM), especially those with aerodynamic diameter < 2.5 µm (PM 2.5 ), is rich in organic toxic components and heavy metals (Meng et al., 2016) . Several studies have reported that PM was associated with many adverse health effects, including all-cause-ofdeath, cardiovascular diseases, respiratory diseases and lung cancer (Brook and Rajagopalan, 2010; Brook et al., 2010; Guo et al., 2016; Mills et al., 2009; Orazzo et al., 2009) . Moreover, it caused 3.2 million premature deaths in 2010 worldwide, not just restricted to the most polluted regions (Apte et al., 2015) .
There may exist important effects of air pollutants on the gut. Air pollutants can contaminate food and water, which are then enter the human food chain and ingested by humans (Beamish et al., 2011) . Experimental evidence also showed that PM 2.5 can be removed fast from the lung by mucociliary transport and cleared via gut (Beamish et al., 2011; Salim et al., 2014) . Several epidemiological studies reported adverse effects of PM exposure on the gastrointestinal diseases, including Crohn's diseases, inflammatory bowel disease, and digestive cancers. (Ananthakrishnan et al., 2011; Beamish et al., 2011; Kaplan et al., 2010; Wong et al., 2016) . Plausible mechanisms may include direct effects of PM on epithelial cells, systemic inflammation and immune activation, and modulation of the intestinal microbiota (Beamish et al., 2011) .
Pancreatic cancer (PC) remains a complex malignancy with the worst prognosis due to lack of early diagnostic symptoms and resistance to conventional chemo-and radiotherapies (Momi et al., 2012) . Lifestyle changes and environment pollution by industry development have been reported to be associated with PC (Ryan et al., 2014) . Also, inflammation plays an important role in pancreatic cancer development progression (Hausmann et al., 2014; Momi et al., 2012; Raimondi et al., 2009) . So, there might exist the association between air pollution and pancreatic cancer. However there is no direct epidemiologic evidence to confirm this.
Therefore, the aim of this study was to explore the association between PC mortality and PM 2.5 , using the national Disease Surveillance Point system (DSPs) data. It will help to understanding of the etiology of PC.
Materials and methods

Mortality data
DSPs was a national mortality surveillance system in China. It was established in 1978 with a pilot study, increased to cover 145 points across 31 provinces in 1990, and then expanded again to include 161 points in 2004 (Liu et al., 2016) . There were 103 continuous points in DSPs from 1991 DSPs from to 2009 DSPs from (excluding data in 2001 DSPs from , 2002 DSPs from and 2003 DSPs ceased nearly all operations because of the adjustment), including 37 urban districts and 66 rural counties. In our study, we used the mortality data of PC in these continuous points, including death and population counts cross-classified by 5-year age group, gender and year. The distributions of 103 points in China were shown in Fig. 1 .
The International Classification of Diseases, 9th Revision (ICD-9: 157) and 10th Revision (ICD-10: C25.0-C25.9) before 2001 and after 2001, respectively. Mortality rates were adjusted by under-report rates (Guo et al., 2015; Yang et al., 2005) . Age-standardized mortality rates (ASMRs) were calculated using the direct method based on the 1960 world standard population (Ahmad, 2001 ).
PM 2.5 data
Firstly, we obtained annual concentrations of PM 2.5 in 1990, 1995, 2000, 2005 , and 2010 from ambient air pollution exposure estimation for the Global Burden of Disease 2013 (Brauer et al., 2016) . The annual PM 2.5 concentration at 0.1°× 0.1°spatial resolution (10 km × 10 km) were estimated by combining satellite-based estimates, chemical transport model simulations, and ground measurements from a previous study (Brauer et al., 2016) . Secondly, we overlaid the gridded spatial data of annual PM 2.5 with China county shapefile to extract estimates of average concentrations of PM 2.5 in each county or district in 1990, 1995, 2000, 2005, and 2010 (see the Supplementary Fig. S1 ). Thirdly, the PM 2.5 concentrations of the 103 continuous DSPs points in corresponding years were extracted. Lastly, the annual concentrations of PM 2.5 in each point from 1991 to 2009 were estimated using linear regression models.
Statistical analysis
The PM2.5 concentrations and PC mortality data were matched by DSPs points in each year. As there were few PC deaths among the population less than 40 years, we limited the regression analyses to population aged 40-84. Assuming the number of cancer deaths to follow a Poisson distribution, generalized additive models (GAMs) were used to investigate the association between PM2.5 and PC deaths. A spatial ageperiod-cohort model was introduced to adjust gender, urban/rural status, spatial variation as well as age, period and cohort effect (Guo et al., 2016 (Guo et al., , 2017 . The formulation of the model is as follows:
Where t is the observation year; i is the DSPs point. The dependent variable Y t,i is the PC deaths counts for on year t at DSPs point i for the specific age and gender group. The long-term trend can be represented as age, period and cohort variations (Yang and Land, 2013 ), thus we included separate variables for their effects. Age is a categorical variable for PC mortality. Cohort is a categorical variable for year of birth.
Period is the year of PC mortality. s(Period) is natural cubic spline function representing the non-linear effect of period. The spline function of longitude and latitude is a spatial term to control for the spatial distribution of PC deaths. Gender and Urbanity are binary variables. The log of the population for each DSPs point, year, gender and 5-year age group was used as the offset. Natural cubic spline was applied for PM 2.5 in the original model to check whether the association between PM 2.5 and PC deaths was linear or nonlinear. If the dose-response curve between PM 2.5 and PC deaths was approximately linear by visual detection, the linear term of PM 2.5 was used to calculate relative risk (RR), interpretable as the risk of PC deaths with a 10 μg/m 3 increase of PM 2.5 .
If the relationship was non-linear, we would detect the threshold of the association by iteratively estimating the Akaike Information Criterion Y. Wang et al. Environmental Research 164 (2018) 132-139 (AIC) of GAM model using 1 unit increment in PM 2.5 within the identified range of threshold, based on the visual detection of the exposureresponse plots. The concentrations of PM 2.5 with the lowest AIC were chosen as the threshold. The RR of PC associated with PM 2.5 below the threshold was set to be 1. The effect of PM 2.5 with 10 μg/m 3 increment above the threshold was then estimated using linear threshold function (Li et al., 2016; Yang et al., 2016) . We further analyzed the association between PM 2.5 and PC deaths for different subgroups (male and female; people aged 40-64 years and 65-84 years; urban and rural areas).
Sensitivity analyses
To examine the robustness of the model, we determined the full model a priori and sequentially fit them by excluding the cohort, period, and spatial variation variables (Guo et al., 2016 (Guo et al., , 2017 . Goodness of fit for the sub-models was compared by the AIC. Then, we randomly selected ten surveillance points out of the model and use the remaining 93 sites were used to fit the model. This process was conducted for ten times, setting the seeds from 1 to 10. The results of these ten models were compared with the full model to check for selection bias (Guo et al., 2016 (Guo et al., , 2017 . Thirdly, to test the predictive ability of the model, we estimated the death counts of PC for 55 non-continuous points of DSPs in 2005 using the parameters in the model (Collins et al., 2015; Royston et al., 2009) . We then compared the predicted mortality rates with observed rates using a linear regression model.
All data analyses were performed using the R software (version 3.0.3, R Development Core Team 2010). The extract function in the raster package was used to estimate the annual average PM 2.5 concentrations. The mgcv package was used to fit the GAM model. The geographical maps were generated by ArcGIS software, version 10.2.
Results
During the study period, there were 12477 PC deaths occurred among 388,646,791 person years in 103 continuous points, with 7236 (57.99%) males and 5241 (42.01%) females. Of them, nearly 60.79% were the elder population aged 65-84 years and only 2.47% less than 40 years. Both crude mortality rate and ASMR increased from 1991 to 2009, with steeper slope after 2004 (See Table 1 ). The temporal and spatial distribution of PC mortality rates were shown in Fig. 2 . The rates were observed increased for most DSPs points from 1991 to 2009. Higher rates were observed in urban areas compared to those in rural areas. PC mortality spatial cluster of PC deaths was obvious, especially in the eastern areas (Fig. 2) .
The temporal and spatial distributions of PM 2.5 concentration in the 103 continuous DSPs points were shown in Fig. 3 (Fig. 4) . So, we used the linear model to estimate the association between PM 2.5 and PC. The full model was finally chosen because the AIC is minimum compared with the sub-models (Supplementary Table S2 ). The RR of PC mortality associated with an increase of 10 μg/m 3 PM 2.5 was 1.16 (95% CI: 1.13, 1.20). Similar results were observed in subgroup analysis stratified by gender, age groups, and urban-rural status (See Fig. 5 and Table 2 ). Linear relationships were observed for most subgroups with the exception of population living in the rural areas. The impact of PM 2.5 on PC mortality was slightly higher for females (RR = 1.19, 95% CI: 1.14-1.24) than males (RR = 1.14, 95% CI: 1.10-1.18), but the difference was not statistically significant. The RRs of PC death associated with an increase of 10 μg/m 3 was significantly higher for the elderly.
The RRs were 1.21 (95% CI: 1.17,1.25) for the population aged ≥ 65 and 1.08 (95% CI:1.05,1.13) for those aged 40-64, respectively. The exposure-response relationship was not linear in rural areas, and the threshold of PM 2.5 concentration was 41 μg/m 3 . The relative risk of PC mortality associated with a 10 μg/m 3 increase in PM 2.5 above this threshold is 1.29 (95%CI: 1.22, 1.37) in rural areas. The thresholds and effect of PM 2.5 on PC mortality was same for the male and the female (Table 2 and Fig. 5 ). Sensitivity analyses showed that the results were robust when selecting ten surveillance sites out of the model for ten times (the supplementary Table S3 ). The RRs for all the population ranged from 1.10 (95% CI: 1.07, 1.13) to 1.19 (95% CI: 1.16, 1.23). When using this model to predict the PC deaths for 55 non-continuous points in 2005, the consistency of predicted and observed mortality rates was good, with the slope of 1.01(R 2 = 0.66) for linear regression model (Fig. 6 ).
Discussion
To our knowledge, this study is the first to assess the associations of PC mortality with exposure to ambient PM 2.5 in China. Our results showed a slightly increased risk of PC mortality with an increase of 10 μg/m 3 in PM 2.5 . Consistent conclusion were observed in subgroup analysis stratified by gender, age groups, and urban-rural status. Compared with those less than 65 years, the populations aged 65 years or over were found to be more affected by PM 2.5 pollution. Our results showed that per 10 μg/m 3 increase of PM 2.5 could increase 16% risk of PC mortality (95% CI:1.13-1.20), which is consistent with a prospective cohort study in old population in Hong Kong (Wong et al., 2016) . In this cohort study, Wong et al. found that per 10 μg/m 3 increase of PM 2.5 increased 35% (HR:1.35; 95% CI: 1.06−1.71) risk of mortality for digestive accessory organs, including liver, gall bladder, and pancreas (Wong et al., 2016) . Also, the study conducted in the towns lying in the vicinity of metal production and processing installations reported the association between air pollution with pancreatic cancer (Garcia-Perez et al., 2010) . The mechanisms between PM 2.5 and PC remain unclear. One hypothesis for an explanation of the effects of PM 2.5 on PC could be in terms of oxidative stress reaction. PM 2.5 consists of a number of chemical components including sulphur oxides, nitrogen oxides, organic chemicals, metals, and allergens (Fortoul et al., 2015) , which might generate toxicity to cells and induce oxidative stress reaction (Lu, 2016) . The effect of oxidative stress induced by PM on epithelial cells could produce DNA damage, cell permeabilization, and activation of signaling pathways leading to innate inflammation (Beamish et al., Y. Wang et al. Environmental Research 164 (2018) 132-139 2011), which may lead to production of chemokines and cytokines to trigger angiogenesis allowing epithelial invasion of metastatic tumor cells and then survival of the invading malignant cells in pancreas (Wong et al., 2016) . The heavy metals attached to the surface of PM 2.5 or inside the particle, for example cadmium, arsenic and nickle, may also function as a carcinogenic factor to PC. Although inconsistent, several studies have shown positive associations between heavy metal exposure and PC (Liu-Mares et al., 2013; Luckett et al., 2012; Rockette and Arena, 1983; Rotimi et al., 1993) . Metals were also found to lead to insulin resistance, hyperglycemia and an elevated risk of type 2 diabetes (Rajagopalan and Brook, 2012) , which could increase risk of PC (Yadav and Lowenfels, 2013) . Moreover, we also found that the elderly population aged 65 and over had greater effects of the association of PM 2.5 on PC mortality in Y. Wang et al. Environmental Research 164 (2018) 132-139 our study. There are some possible explanations. Firstly, for the elderly, decreased heart rate variability, increased peripheral neutrophils, and increased plasma viscosity might increased concentrations of PM concentrations, which are associated with increased risk of PC mortality. Secondly, the elderly have more common in preexisting respiratory or cardiovascular conditions. Bateson's study reported that stronger effects of particulate matter on the risk of mortality among person with a prior diagnosis of myocardial infarction, diabetes, and congestive heart failure (Bateson and Schwartz, 2004) . Lastly, long-term sequelae of continuing exposure to PM, as well as the cumulative effects (e.g. inflammation) resulting from cumulative exposure to the pancreatic, that might account for the greater effects in the elderly population. Our study has several strengths. First, the exposure assessment of air pollution used a standardized protocol from the global burden disease Y. Wang et al. Environmental Research 164 (2018) 132-139 study (Brauer et al., 2016) , which was referenced widely. Second, we took 103 continuous points in DSPs in our study in order to reduce the influence of DSPs adjustments. There are also some limitations. Grouplevel data but not individual-level data were used to explore the association of PM 2.5 with PC cancer, which might introduce bias due to ecological fallacy. In order to prevent the bias, we used a spatial ageperiod-cohort model to control age, period and cohort effects and other confounders. Sensitivity analysis and external validation suggests a good predictive ability of our model. Second, although there existed extension of population covered in some of DSP continuous points, which might change the population structure and characteristics. For example, the adjusted DSPs expanded to cover the whole district of a city or county, instead of one or two residential district(s) or town(s) at each location. Even if there was no difference of the age-sex structure among the population aged from 40 to 84 years old between the initial Y. Wang et al. Environmental Research 164 (2018) 132-139 population and extend population in these DSPs points (see the Supplementary Table S4 ), the extension of study population inevitably follows with the changes in socioeconomic status, life-style factors, healthy conditions and so on, which might cause the estimation of association higher than the "real".
Conclusions
Exposure to ambient PM 2.5 may increase the risk of mortality from PC in China, especially for the population aged 65 and over. Pollution control policy should be further strengthened to ameliorate the health damage. Y. Wang et al. Environmental Research 164 (2018) 132-139 
